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Abstract
The increase in the requirements of safety and reliability demanded from the normaliza-
tion institutes by the issue of normalizing standards, led to the need of the development of
materials of superior properties. Owing to the development of metallurgy, the development
of materials with extremely high values of strength and toughness was made possible. How-
ever, employing these materials in industrial applications is limited by the deterioration of
their properties after the material is processed using techniques such as welding.
To cope with this challenge, several welding process have been developed. One of these
processes is the pulse gas metal arc welding (GMAW-P), in which the arc current is pe-
riodically pulsed in order to achieve metal transfer and effectively join the material being
dealt with, and this decrease the energy input to the base metal. Due to the advance of
electronics and transistor technology there are a large number of current pulse profiles com-
mercially available, with different degrees of complexity, designed for specific applications.
Determining the balance between the complexity and benefits for the various pulse profiles
and process modifications available is the main motivation for the research presented in
this thesis. Specifically, the metal transfer of two commercially available current profiles
was studied using high-speed imaging and high speed data acquisition of the electrical
signal during welding, for different welding conditions. The results showed that the mode
of metal transfer differs for the investigated profiles and that for the same pulse profile, as
the pulse parameters are modified the metal and heat transfer changes, altering weld bead
features such cross-sectional area and penetration.
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Chapter 1
Introduction
In the manufacturing of any large structure, such as ships, airplanes, off-shore platforms,
numerous cross-sections have to be joined together. For instance, Fig. 1.1 shows the first
floating liquefied natural gas ship, which will be 488 m (1,600 feet) long, 74m (240 feet)
wide and weigh around 600,000 tonnes [11]. In order to build such a large structure, plates
of steel have to be joined to form blocks and the assembly of several blocks will turn into
the ship hull. The plates of steel have to be joined together, either due to the impossibility
of producing the required metal in such larger dimensions, or the need of using different
materials, or both. When the material to be joined is a metal, welding is one of the most
used joining process. Several welding processes are available, and the application of a
particular process will depend on the specific characteristics of each project.
Regarding on-shore exploration and transportation of energy, pipelines are most used,
either for transportation of crude oil for refineries, or for the distribution to the end con-
sumer. Those pipelines can extend over thousands of kilometres. In Canada, according
to Canadian Energy Pipeline Association (CEPA), about 119,000 kilometres of pipelines
are operated by pipeline companies [12]. Pipelines are mostly built from individual steel
pipe section typically 12 m long, and in order to increase the transportation capacity,
higher strength steels are being developed to be employed in the construction of the new
pipelines [13]. In addition to the increased transportation capacity, higher strength steels
would allow for reduction of the wall thickness, which in turn will have a consequence in
1
Figure 1.1: The world’s first floating liquefied natural gas facility [1].
reducing construction cost due to transportation of pipes and welding during the construc-
tion phase.
Although there has even been reported in the literature high strength steels with Charpy
V-notch impact energy of 400-450 J combined with a tensile strength as high as 1.2 GPa [14],
pipelines are mostly built using the so-called high strength low alloy (HSLA) steels. The
steels for the construction of such high capacity pipelines are produced in industrial scale,
as for instance the thermo-mechanical controlled and processed steels with yield strengths
of up to 830 MPa (X120) and impact toughness of 210 J at -30 ◦C [15–17]. However, due
to the intrinsic chemical composition of these steels and how they are produced, they have
increased hardenability and refined microstructure, and once welding is performed, the
degradation of the steel properties at the heat affected zone (HAZ) is inevitable. Therefore,
the wide application of such high strength steel in the construction of the new generation of
higher capacity and safer pipelines is dependent on the development of welding technologies
that would allow the joining of these steels such that the deterioration of the steel properties
at the HAZ is minimized.
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The gas metal arc welding (GMAW) process is widely used in the construction of
pipelines. Due to the potentially excessive heat input, the degradation of the HAZ is a
concern. Alternative welding processes have been developed and are being studied in order
to employ them for joining of these steels. Friction stir welding (FSW) is one example
of the new welding process developed [18] and that can successfully join the higher grade
pipeline steels with superior properties [19], however it is not yet economically feasible due
to the high cost of the tool materials required for welding steels [20].
Despite all the development of alternative welding process, GMAW is still the most
widely used welding process due to it productivity and versatility. Several modifications
proposed to this process have emerged, such that the heat input imposed to the base
metal could be reduced. One of these modifications was proposed in 1960’s [21, 22] and
consists of using pulsed current waveform instead, transferring the metal from the welding
wire the welding pool in a controlled manner. Since the invention of pulsed gas metal
arc welding (GMAW-P), the advance of electronics and transistor technology allowed the
various welding power supply manufactures to produce a large number of current pulse
profiles, with different degrees of complexity, for the most diverse applications. In terms of
current profile shape, they range from a simple square wave [22], to more complex shapes
such as the Surface Tension Transfer (STT) [23] and Cold Metal Transfer (CMT) [24]
controlled metal transfer processes.
The weld joint performance is strongly dependent on the joint geometry and microstruc-
ture of the resulting weld metal and HAZ. An in GMAW welding, the way the weld metal
is transferred from the welding wire to the weld pool will determine the mass and heat
transfer to the base metal and the final bead geometry, and consequently the joint perfor-
mance.
1.1 Motivation
Given the variety of current pulse profiles available, and the dependence of joint per-
formance on the metal transfer phenomenon, one question comes to mind: what is the
influence on current pulse profile on metal transfer? Are the benefits from the features
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included in the current pulse profiles worth the added complexity involved in the design of
the power supplies? The answers to these questions are the main source of motivation for
the research presented in this dissertation.
1.2 Objective
1.2.1 Main objective
In this work, the metal transfer for two current pulse profiles will be investigated. One
pulse profile has a nearly square shape, the other one has an exponential increase from
background to peak current and then a long tail decay from peak to background current
as a result of differences in the power supply circuit design. Both of these profiles are
commercially available, and this work aims to identify the differences in metal transfer
that would lead one to use the square wave pulse profile instead of that of a gradual
transition and vice-versa.
1.2.2 Specific objectives
In order to achieve the main objective of this research, the following specific objectives will
be tackled:
 Identify pulse parameters, for which the metal transfer occurs in the one-droplet-per-
pulse transfer mode, for both profiles;
 Setup a high-speed data acquisition (DAQ) system to monitor the torch voltage and
current during welding;
 Setup a high-speed camera, with the appropriated filters, to monitor droplet forma-
tion and detachment, and visualization of arc phenomenon of the different regions of
the electric arc;
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 Synchronize the DAQ system to the high-speed camera, and correlate the changes in
electrical signals to droplet formation and detachment, and arc phenomenon;
 Correlate bead geometry to metal transfer. This will be done by measuring droplet
speed and calculate the contribution of droplet momentum to bead penetration.
5
Chapter 2
Literature review
2.1 Gas metal arc welding (GMAW)
Gas metal arc welding (GMAW) is a welding process, in which a continuously fed wire is
melted by an electric arc established between the tip of the wire and the workpiece. The
invention of the GMAW process dates back to the first half of the 20th century, when on
December 26, 1924, Peter P. Alexander from the General Electric Company filed a patent
named “Method and apparatus for electric arc welding” [2], in which a process similar to
what we know today as the GMAW process was described as the invention. In Figure 2.1
the illustration of the GMAW process described in the patent is shown.
Since its invention more than seven decades ago, the GMAW process has been the
subject of numerous studies. Some of these studies were fundamental to the understanding
of the physics of the process in terms of the mechanism by which metal transfer occurs [25,
26]. The understanding of the process allowed further development of the technique, and
today the process is used extensively in the manufacturing industry due to its productivity
and versatility. Despite all the development achieved, the advent of new materials drives the
need of further development of this welding process, such that its productivity capability
could be maintained or increased, and at the same time that the amount of heat transferred
to the materials being joined is reduced. This still poses a challenge and several process
modifications have been proposed and are currently still widely studied [27–29].
6
Figure 2.1: Schematic of the GMAW process in the patent filed in 1924 by Peter P.
Alexander [2].
2.2 Metal transfer in GMAW
The strength of the final joint will depend on the weld geometry and microstructure [16],
and these will depend on the heat and mass transfer phenomenon taking place during
droplet transfer from the electrode to the weld pool [30, 10, 31–33, 9, 34–37], which are
controlled by the welding parameters used [38–43]. Given the importance of metal transfer
on the performance of the weld joint, the following subsection aims to review the forces
acting on the metal transfer from the wire electrode to the workpiece (subsection 2.2.1),
and then the observed metal transfer modes will be summarized (subsection 2.2.2). In
Figure 2.2 the schematic of metal transfer in GMAW shows the droplet travelling through
7
the arc placed in an x -y coordinate system.
Radial distance0
Wire
Workpiece surface
Arc
x
y
Droplet
Figure 2.2: Diagram of metal transfer in GMAW and coordinate system.
2.2.1 Forces acting on metal transfer
One of the major forces acting on droplet formation and transfer, is the direct electromag-
netic force due to the current flow through the forming droplet. The axial component of this
force (acting on y-direction in Figure 2.2) help in droplet detachment and its magnitude
is calculated by Equation 2.1,
Fem =
µ0I
2
4pi
ψ(s) (2.1)
where, µ0 is the magnetic permeability, I is the current flowing through the droplet, and
ψ(s) is a shape factor dependent on droplet size and shape, and how the current emerges
from the forming droplet [25, 26].
The passage of current through the molten metal at the forming droplet induces fluid
flow within it [32, 44], and this generates a momentum flux towards the electrode tip (y-
direction in Figure 2.2), which then accelerates the droplet by conservation of momentum.
This force increases with current according to Equation 2.2
Fmf =
µ0
4pi
[(
I
α
)2
− I2d
]
(2.2)
8
where α is the ratio between droplet and wire diameters, and Id is the current flowing
through the droplet tip. The force due to flow developed inside the droplet was derived by
Arif et al. [3, 45], who demonstrated that the magnitude of the force due to momentum
flux can be as high as that of electromagnetic force as the welding current increases, as
shown in Figure 2.3 for a steel wire of 1.2 mm diameter. They found that the force due to
momentum flux increases with current, exceeding the electromagnetic force at a current of
approximately 220 A, which in this case corresponds to the transition current where metal
transfer changes from globular to streaming spray.
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Figure 2.3: Variation of the magnitude of the forces acting on detaching droplet with
welding current for a 1.2 mm steel welding wire. FT is the total force acting on the droplet;
Fγ the force due to surface tension; Fem the electromagnetic force; Fmf the force due to
momentum flux; Fd the drag force and Fg the force due to gravity. Adapted from [3].
The forming droplet is not only under the influence of forces acting in favour of de-
tachment, but also forces preventing detachment. One of these is the retaining force due
to arc pressure, which is induced by the interaction of the current flowing through the arc
and its own magnetic field [26]. The total axial force preventing droplet from detachment
is given by Equation 2.3 [46].
Fa =
µ0I
2
8pi
(2.3)
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Surface tension also exerts a retaining force during droplet formation and detachment,
and its magnitude can be estimated according to Equation 2.4, where d is the diameter of
the droplet and γ is the molten metal surface tension coefficient.
Fγ = pidγ (2.4)
Once the droplet is detached, it will be further accelerated by the action of a drag force
due to the axial flow in the arc plasma column. The axial arc plasma velocity, va, can be
calculated by Equation 2.5 [46]
va =
3
64
µ0I
2
pi2rrη
(2.5)
where η is the dynamic viscosity of the arc plasma, and rr is the distance from the arc
axis.
The variation in axial pressure associated with this flow is given by Equation 2.6 [46],
where l is the axial distance from the bottom of the forming droplet.
pa =
3µ0I
2
64pi2l2
(2.6)
The force and acceleration exerted on the droplet due to drag is obtained by Equa-
tion 2.7 and 2.8, where ρg is the shielding gas density and Cd is the drag coefficient.
Fd =
pi
2
3v2ρgr
2Cd (2.7)
ad =
3
8
v2ρg
rρm
Cd (2.8)
Gravity also plays a role in droplet transfer, however for metal transfer occurring at high
values of currents, the force due to gravitational acceleration, g, has a secondary effect on
droplet velocity, when compared to the other forces playing a role, such as electromagnetic,
arc pressure, plasma drag forces, and momentum conservation, as noted in Figure 2.3. In
fact, droplet acceleration has been measured and it has been reported that the acceleration
of droplets travelling through the arc can be up to 100 g [26, 47, 3, 46, 48, 49], hence proving
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the secondary effect of gravity in droplet detachment at high current values.
2.2.2 Metal transfer modes
As exemplified in Figure 2.3, the magnitude of the forces acting on metal transfer changes
depending on the value of the average welding current used, and this will promote metal
transfer to occur in distinct modes [38, 39], each depending on the forces that predominat.
Increasing the values of average current will promote a transition in metal transfer modes
from short-circuiting, to globular, and then spray (projected, streaming or rotating) [50].
There may be conditions where, for a given welding current, more than one of these transfer
modes can exist simultaneously, i.e., short-circuiting and globular, globular and spray. The
occurrence of more than one metal transfer mode at once was termed by Scotti at al. as
interchangeable metal transfer [51]. The following briefly summarizes transfer modes in
terms of increasing welding current, which is normally proportional to wire feeding speed.
Short-circuiting transfer
Metal transfer by short-circuiting mode occurs at low welding current values, and the metal
transfer occurs when the forming droplet touches the weld pool before detachment. In this
transfer mode, surface tension is the force playing a role whether or not metal transfer
occurs [52]. Although this transfer mode is achieved at low heat input values, it has the
undesirable feature of spatter generation, which compromises the welding appearance, thus
limiting the use of this transfer mode for some applications.
Globular transfer
Increasing welding current and/or welding voltage, to sufficient values to avoid short-
circuiting, the droplet will form at the tip of the welding wire and then be transferred
due to mostly the action of gravity and electromagnetic forces [25, 26]. To be called
globular transfer mode, the droplets being transferred must have a diameter larger than
the electrode, normally being 1.5 to 3 times the wire diameter, with droplet transfer rates
typically below 10 droplets per second [51].
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Spray transfer
With a further increase in welding current, the droplet diameter starts to decrease, and
after a certain current value, it becomes smaller than the wire diameter, which characterizes
the spray transfer. There is also a sudden increase in droplet transfer frequency, to values
higher than 300 Hz [38, 39]. The current above which metal transfer takes place in spray
mode is called transition current and its value depends on electrode material and diameter,
and shielding gas used [47, 38, 39, 53, 54]. Spray transfer can occur in different modes,
transitioning from projected, streaming and rotating spray transfer, with increasing of
current [50]. Spray transfer is desirable due to the regularity of the transfer, low rates
of spatter, high bead penetration and lower rate of fume formation compared the other
modes [55].
The drawbacks are that in order to achieve spray transfer, pure argon or argon and
oxygen gas mixture is required, and the average current value has to assume a minimum
value, i.e. the transition current, and therefore it is not suitable for application such
as the welding of thin plates, due to excessive distortion or burn-through of the sheet.
Another disadvantage of spray transfer is that for some applications where heat input is
a concern, such as the welding of high strength low alloy (HSLA) steels such as pipeline
construction [16], this transfer mode can not be used. In welding of heat sensitive materials
such as high strength steels, one technique used to reduce the amount of heat given to the
base metal, hence the damage to the base metal microstructure adjacent to the weld, is to
use narrow gap grooves. This would reduce the number of passes needed to complete the
joint and consequently the overall amount of heat given to the base metal. One difficulty
in narrow gap welding is the erosion of the groove sidewalls that occurs when long arcs
are used. This sidewall erosion increases the chances of internal defects on the joint such
as lack of fusion due to groove damage from long arcs [56]. Therefore, it is desirable to
use welding parameters which lead to metal transfer with a small arc length, such as short
circuit and globular transfer, and avoid use of long arc length when applying spray and
stream transfer modes.
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2.3 Pulsed gas metal arc welding (GMAW-P)
Another technique used to reduce the heat input to the base metal, while also avoiding
spatter, is to use pulsed current instead of constant voltage power sources. This process
is called pulsed gas metal arc welding (GMAW-P), and is widely employed in industry
due to its advantages such as a controlled metal transfer in spray mode, at current values
well below the transition current required to induce spray transfer when constant voltage
GMAW is used. GMAW-P was first proposed in the 1960s, when an ideal square current
was used to achieve a synthetic spray transfer with welding currents as low as 50 A, hence
reducing the average current required to stable metal transfer [21]. Metal transfer in
GMAW-P aims to achieve a controlled metal transfer in one droplet per pulse (ODPP)
regime, and for that the process parameters have to meet certain conditions, which have
been widely investigated [40, 57, 58].
Due to the advances in electronics, along with the development of high-speed inverter
technology, several current pulse profiles are available from many welding power supply
manufactures, ranging from the ideal square wave profile to more sophisticated complex
waveforms [23, 59, 24]. Consequently, the different current profiles would provide metal
transfer with different characteristics which can be advantageous depending on the appli-
cation. However, one concern regarding pulse GMAW is the productivity associated with
this process. Although pulsed GMAW can achieve higher deposition rates, there is still
the need to increase productivity while maintaining heat input as low as possible.
2.4 Metal vapor and metal transfer in GMAW
The latest research on GMAW metal transfer has incorporated the influence of metal
vapor on arc properties and investigated the implications of that on droplet formation and
transfer. Using optical emission spectroscopy, Goecke [4] investigated the influence of small
additions of nitrogen and oxygen to argon shielding gas when welding an aluminum - 5%
magnesium electrode wire. In this study, it was first found that the temperature at the arc
center axis was around 2,000 K lower than the maximum of 12,000 K at a distance of 2 mm
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from the arc central axis [4]. This was verified for the different shielding gas mixtures used
as shown in Figure 2.4. Goecke concluded that metal vapor flow in the center of the arc
was the cause of the cooling of the plasma in center of the arc.
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Figure 2.4: Radial temperature distribution calculated using relative method optical emis-
sion spectroscopy for different shielding gas mixtures and Al - 5%Mg wire electrode of
1.0 mm diameter. Arc center axis is at 0 mm radial distance. Adapted from Goecke [4].
Later, Zielinsk et al. [60] used optical emission spectroscopy, to obtain electron densities
and temperatures directly by measuring the Stark widths of the Ar I 695.5 nm and Fe I
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538.3 nm spectral lines, for a steel electrode wire and different argon (Ar) - carbon dioxide
(CO2) shielding gas mixtures, i.e., including pure Ar, Ar - 5.4% CO2 and Ar - 20.2% CO2.
It was also found that for pure argon and Ar-5.4 CO2, the maximum temperature was not
in the center of the arc.
After the works of Goecke [4] and Zielinsk et al. [60] much research has been aiming
to investigate the role of metal vapor on arc properties and metal in constant voltage
GMAW [61–63, 48, 64, 65, 7, 6] , GMAW-P [5, 66–68, 44, 69] and even more sophisticated
process variations such as the controlled metal transfer process [70]. It was confirmed
that there is an inner arc region, which consists of a high fraction of iron vapor, which
is originally formed at the electrode tip due to overheating of the electrode and then
dragged by the arc flow [60, 61, 71, 5, 63, 66]. Rouffet et al. [5] performed a spectroscopic
investigation during the high-current phase of a pulsed GMAW process, Figure 2.5(a), and
found that as the pulse progress into the high-current phase, the diameter of the iron core
increases, Figure 2.5(b), and the peak temperature shifts further away from the centre of
the arc, Figure 2.6(a). The measurements also revealed that as the pulse progresses the
iron mole fraction increases, Figure 2.6(b).
(a) (b)
Figure 2.5: Metal vapour core evolution during current peak phase in GMAW-P [5].
The influence of metal vapour has been investigated numerically [61, 48, 63, 71, 64,
66, 6] and experimentally [5], and both results confirm an inner core composed of metal
vapor, which enhances the plasma radiation loses [61, 64], hereby decreasing the plasma
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(a) (b)
Figure 2.6: Temperature profiles of the plasma and (b) iron mol fraction at different times
of the high-current phase [5].
temperature at central region of the arc, where a high fraction of iron metal vapor is
present. A decrease in the plasma electrical conductivity is also observed as a consequence
of the decrease in the plasma temperature [71, 6], which in turn alters the current path in
the arc [44, 69].
Hertel et al. [44, 69] predicted that the decrease in plasma electrical conductivity at
the bottom of the forming droplet, forces the arc to attach to the wire at a position
closer to the contact tip instead of the wire tip or bottom of the forming droplet, hence
reducing the amount of current flowing through the electrode necking region and forming
droplet. This last point, regarding the change in arc attachment position, has not yet been
experimentally observed. For pulsed GMAW, Boselli et al. [66] showed that the minimum
in temperature at the center of the arc is only observed during the high current phase,
whereas during the low current phase the temperature maximum returns to the central
region of the arc at the bottom of the wire tip, as a consequence of the lower vaporization
rates of the wire electrode due to lower arc temperatures [66, 68]. In a review of the effects
of metal vapour in arc welding, Murphy [71] concluded that there is a large variation in
the measured iron concentrations, raging from 1% [62] to 60% [5, 72], and even higher
predicted concentrations by numerical modeling [64, 66, 44, 69, 6].
Valensi et al. [72] found that increasing the amount of CO2 in the shielding gas sup-
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presses the reduction in the arc core temperature in the globular transfer mode, agreeing
with the first results of Zielinsk et al. [60], and further supported by recent results of Ogino
et al. [6]. Furthermore, Ogino et al. [6] found that using Argon - 18% CO2 shielding gas
allows the current density to have its peak value distributed at the both of the droplet,
compared to when pure argon is used, which then has a maximum current density at the
sides of the forming droplet. This maximum current density at the bottom of the droplet
increases the average arc pressure acting on the forming droplet, and hence explains why
the transition current for metal transfer from globular to spray is higher when CO2 is added
to the shielding gas, Figure 2.7.
Given the importance of metal vapor on the understanding of the fundamentals of gas
metal arc welding, alternative techniques have been developed to study these mechanisms
during welding. One of these techniques involves high-speed cameras with a narrow band
pass filter, for specific wavelength. In a recent work, Nomura and colleagues developed a
tomographic spectroscopic technique using multiple CCD cameras, which allowed recon-
struction of the arc structure, using for that narrow band pass filters for argon, Ar I, and
iron, Fe I, spectral emission lines [7]. In Figure 2.8 and 2.9 the arc structure is shown for
globular and spray metal transfer modes. Notice that when only the radiation from the
argon is observed, the arc has a shape of a larger cone with diffuse boundaries, as evident
in Figures 2.8(a) and 2.9(a), when compared to the arc core composed mostly of iron vapor
which has sharper boundaries shown in Figures 2.8(b) and 2.9(b).
2.5 Metal transfer and bead geometry
Regarding the influence of metal transfer on the geometry of the forming bead, a rela-
tionship has been reported between the momentum of the impinging droplet and the bead
penetration [8, 9]. Essers and Walter [8] reported that penetration increases with mo-
mentum rate, for different wire electrode diameters and polarities, Figure 2.10(a). The
study concluded that the cross sectional area of weld penetration is mostly influenced by
the heat content of the transferring droplet, while the depth of penetration is determined
by the impact of the impinging droplet, namely the momentum rate of the droplet (mo-
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Ar
Ar + 18% CO2
Figure 2.7: Influence of CO2 content in shielding gas on metal vapor distribution and the
implication of that on the electrical conductivity, current density distributions, average
arc pressure acting on droplet and current for transition from globular to spray transfer
modes. Adapted from Ogino et al. [6].
mentum multiplied by the frequency of droplet impingement). Scotti and Rodrigues [9]
further investigated that relationship, but this time taking into account the arc length, Fig-
ure 2.10(b). The proportionality between momentum rate and bead penetration was also
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(a)
(b)
Figure 2.8: (a) argon and (b) iron dominated arc regions for globular transfer mode. Argon
region imaged using Ar I spectral line (696.5 nm wavelength narrow band pass filter) and
iron rich region imaged using Fe I spectral line (538.1 nm wavelength narrow band pass
filter). Adapted from Namura et al. [7].
(a)
(b)
Figure 2.9: (a) argon and (b) iron dominated arc regions for spray transfer mode. Argon
region imaged using Ar I spectral line (696.5 nm wavelength narrow band pass filter) and
iron rich region imaged using Fe I spectral line (538.1 nm wavelength narrow band pass
filter). Adapted from Namura et al. [7].
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Figure 2.10: Variation penetration and momentum rate from droplet speed (a) for different
wire diameters and polarity, adapted from Essers and Walter [8]; (b) for same wire diameter
and electrode polarity for different arc length, adapted from Scotti and Rodrigues [9].
observed, however showing that arc length should also be considered, given that for a given
momentum rate value, shorter arc length provides a deeper penetration and vice-versa.
Although there is a relationship between momentum rate and bead penetration, Scotti
and Rodrigues pointed out the fact that this parameter does not take into consideration the
effect of time in which the droplet is impinging on the same area of the weld pool. They
took one step further and incorporated the influence of time, by introducing the term
effective momentum, which is the ratio between momentum rate and welding travel speed.
Welding speed should be taken into consideration given that for a given momentum rate,
slower travel speeds will yield deeper weld beads compared to faster travel speeds. The
variation of bead penetration and effective momentum is shown in Figure 2.11, and one can
see that despite higher effective momentum conditions, there is still a strong dependence
on arc length together with momentum to achieve penetration.
In a more generalized way, Murray and Scotti [10] modeled the depth of penetration
in GMAW by correlating it to dimensionless magnitudes of heat and mass transfers. The
mass transfer number, A, was defined as relationship between the melting rate of the
electrode, M˙ , the weld pool viscosity, µ, and the radius of droplets impinging on the pool,
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Figure 2.11: Variation of bead penetration with effective momentum. Adapted from Scotti
and Rodrigues [9].
r, according to Equation 2.9.
A =
M˙
µr
(2.9)
The heat transfer number, B, was defined as a function of arc voltage, V, current, I,
the change in enthalpy of the base metal that is heated from the initial temperature to the
melting temperature, ∆H, welding travel speed, s, and thermal diffusivity, α, according to
Equation 2.10. Using this analysis, good agreement between experimental and predicted
results was achieved, and the authors concluded that heat transfer has the greatest influence
on the depth of penetration, compared to mass transfer.
B =
V Is
∆Hα2
(2.10)
Despite the interplay of mass and heat transfer on weld bead penetration, these results
show that bead penetration in GMAW welding can be tailored by controlling the droplet
velocity, hence it is useful to have the understanding of how the process parameters alter
the velocity of the impinging droplet at the moment that it hits the weld pool. For
pulsed GMAW operating under the so called regime of one-droplet-per-pulse (ODPP), if
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the pulse parameters are set to maximize droplet speed, bead penetration can be enhanced.
This is particularly interesting when considering pulsed GMAW, which generally transfers
metal in a controlled spray mode with on average current lower than that if constant
voltage was used, giving lower penetration when compared to constant voltage GMAW.
Research has been published reporting experimental data of droplet speed [8, 73, 9], while
others have attempted to predict the droplet speed based on mathematical modelling of
heat and mass transfer [74, 73, 75, 76]. Most of the experimental work reporting droplet
velocity considers constant voltage GMAW [38]. A number of experimental work have
been published investigating the influence of pulse profile on metal transfer [40, 77, 59, 78,
79], but few of them have specifically focused on the influence of pulse profile on droplet
velocity.
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Chapter 3
Experimental
3.1 Material
To investigate the influnce of pulse profile and process parameter on metal transfer, bead
on plate welds were performed using AWS A5.18 ER70S-6 wire. The wire electrode had
a 1.2 mm (0.045”) nominal diameter. The base metal was 1020 steel plates of 9.5 mm
thickness. The shielding gas used was a mixture of 85% Ar-15% CO2 at at flow rate of
18.9 l/min (40 cfh).
For the metal transfer and arc phenomenon imaging, a high-speed camera (FASTCAM
Mini UX50, Photron, USA) was used. The lens used was a C-mount close focus zoom
lens (6X, 18-108 mm FL, Edmund Optics Inc., USA) equiped with a 25/25.4 mm diameter
C-mount lens mounts (Thick Lens Mount from Edmund Optics Inc., USA) to incorporate
bandpass filters, which were used to limit the amount of light from the arc reaching the
camera sensor, allowing to reveal different features of the arc and/or molten metal, at both
wire electrode and weld pool.
Bandpass interference filters of two wavelengths, 515±10 and 900±10 nm, were used.
The 515±10 nm wavelength allowed the imaging of the features in the arc core, which is
composed mostly of high fraction of iron vapor. The imaging of iron vapor is possible
owing the fact that iron has a strong peak emission line at a 516.74 nm wavelength [80–82].
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To capture the outer cone of the electric arc, droplet formation and transfer, and weld
pool dynamics, a narrow band pass filter of 900 ± 10 nm wavelength was used. The lens
aperture was fixed at f/22 and different exposure times were used.
Two pulse profiles were investigated. The first, Fig. 3.1(a), have a exponential current
increase from background to peak value, and a long tail decay from peak to background
current (Lincoln PowerWave R500, Lincoln Electric, USA). The second current profile,
Fig. 3.1(b), has a nearly ideal square pulse shape (Liburdi Dimetrics GoldTrack VI, Liburdi
Engineering Limited, Canada).
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Figure 3.1: Investigated pulse profiles: (a) profile 1 (P1) with a exponential current change
and (b) profile 2 (P2) nearly square.
3.2 Methodology
3.2.1 Welding Procedure
The metal transfer was investigated for a range of wire feeding speed raging from 150 to
300 ipm (inches per minute). To investigate the influence of pulse parameter on metal
transfer, each current pulse profile was used in the form of two distinct settings: low and
high Ib/Ip current ratios, as shown in Fig. 3.2.
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Figure 3.2: Pulse profiles settings for conventional pulse (a) low and (b) high Ib/Ip ratio,
and ideal square wave pulse (c) low and (d) high Ib/Ip ratio.
The welding parameters were set to achieve metal transfer mostly in the one droplet
per pulse transfer (ODPP) regime. For each wire feeding speed, at low and high Ib/Ip
ratio, the welding parameter for the different profiles were set to be the equal: same
peak and background current, travel speed, arc voltage and pulse frequency. In order to
achieve that, the current duty cycle was adjusted automatically by the power supply. This
allowed a direct comparison of the influence of pulse profile on the droplet formation and
transfer mechanisms. In order to ensure reproducibility of the results, for each condition
five replicates were performed for each condition.
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3.2.2 Droplet formation and transfer monitoring
To monitor droplet formation and detachment, the high speed camera recording the arc at
a frequency of 5000 frames per second, was synchronized with a data acquisition system
(DAQ), which was recording the welding current and voltage at a frequency of 20 kHz for
a period of 1 s. The bandpass filters were used to limit the amount of light reaching the
sensor. Due to the nature of pulsed GMAW welding, where there are periods of excessive
high and low brightness throughout the pulse period, due to the high and low current
values, and so the camera was operated at different exposure times, in order to capture
the events occurring during the phase of peak and background phase.
To measure droplet transfer velocity, the droplet position was tracked manually, by
using the image processing software ImageJ [83], in which the coordinates (x, y) of the
center of the droplet was captured manually by using the built-in software “Point tool”
tool. To do so, the center was determined as being the intersection of two straight lines
drawn across the droplet diameter. Figure 3.3 shows an example of an image acquired
when the events occurring during background period were being observed. This figure also
shows how the droplet position was tracked in order to calculated its velocity across the
arc and impinge onto the molten pool.
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(xn,yn)
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Figure 3.3: Schematic of droplet position tracking with 5 frames of the same droplet
overlaid from multiple times during the transfer from wire to weld puddle..
The droplet position and time were taken as being both zero right after detachment,
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then the change position of droplet center was monitored in the subsequent frames. This
allowed one to determine the value of position for each time. Then, the centred numerical
derivative, Equation 3.1, was employed to calculate the droplet speed as it travels across
the arc, where ∆t is the time between two subsequent frames, equal to 0.2 ms.
v =
x(t+ ∆t)− x(t−∆t)
2∆t
(3.1)
The droplet velocity was taken as the average of the speeds calculated between detach-
ment and impingement onto the weld pool. The reported values are the arithmetic mean
of the speed of 10 droplets.
Droplet diameter was evaluated by measuring the droplet area manually using the
“Freehand Selection” tool, and then an equivalent droplet diameter was calculated by
approximating it to a spherical shape, d =
√
4piA, where A is the measured area in mm2.
As it can be noted from Fig. 3.3 that the measured droplet diameter is an approximation
given that the droplet shape and size changes as it travels through the arc. To increase
the accuracy of the measurements, droplet diameter was measured when the droplets were
at a random position in the between wire tip and weld pool. This procedure was repeated
for 30 droplets and the droplet diameter reported in is the arithmetic mean of these.
3.2.3 Droplet velocity prediction
Using the data of droplet speed measured, a neural network (NN) was trained to predict
droplet speed. The NN training exercise was performed using the Experimenter applica-
tion from Waikato Environment for Knowledge Analysis (WEKA) software (version 3.8,
University of Waikato, Hamilton, New Zealand) [84]. The WEKA’s software classifier used
was the MLPRegressor, which trains a multilayer perceptron algorithm using WEKA’s
optimization class by minimizing the given loss function plus a quadratic penalty with the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [84]. The MLPRegressor has only one
hidden layer, and uses sigmoid as the activation function in the hidden layer and squared
error as the loss function. For this study, the NN algorithm performance was evaluated
based on the Pearson’s correlation coefficient. To increase the reliability of the model by
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reducing the prediction error, and prevent over-fitting of the predictive model, the NN was
trained using non-exhaustive k-folds cross-validation technique [85, 86].
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Chapter 4
Welding Parameters and High-speed
imaging
Overview
This chapter is divided into two main sections. In the first section, the welding paramters
required to achieve metal transfer in the one-droplet-per-pulse (ODPP) regime are pre-
sented and discussed. In the second section, the high-speed camera images are shown for
different camera settings and selection of filters.
4.1 Welding parameters
Table 4.1 gives the input welding parameters for the range of welding speed investigated
for both profiles. These parameters provided metal transfer mostly in the one-droplet-per-
pulse (ODPP) regime. Note that for a given wire feeding speed both profiles have the same
input process parameters, for pulse settings of low and high Ib/Ip ratio. Additionally, for
each wire feeding speed, the average voltage was the same for both profiles for both low
and high current ratio. In order to achieve that, the pulse duty cycle had to be changed.
This was intentionally conditioned so the comparison of metal transfer could be made
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while using the same currents and wire feeding speeds. From Table 4.1 one can note that
the pulse frequency is lower for both profiles when high peak and low background current
values are used.
Table 4.2 shows give the output process parameters. As shown on this table, when the
same process parameters are used to deposit metal at same wire feeding for the different
profiles, the duty cycle is shorter for profile 2 (P2), and for the setting of higher peak and
lower background current. For the same set of welding parameters, profile 2 requires the
shortest duty cycle for metal transfer. As a consequence of that, profile 2 uses the lowest
average current and instantaneous average power, and consequently lowest heat input, for
metal transfer, for all the wire feeding speeds evaluated in this study as noted. This can
be seen on Table 4.2. If one compares the instantaneous average power for a given wire
feeding speed, the difference in the instantaneous average arc power is of around 1000 W
between profile 1, at high current ratio, and profile 2 at low current ratio settings.
For the purpose of comparison, an attempt was made to use equal voltage for the
different pulses at the same wire feeding speed. However, when low current ratios was
used, the average arc voltage and travel speed have to be lower to maintain a smooth bead
surface appearance by avoiding the formation of ripples owing to the lower pulse frequency
and lower background current. Although peak current uses a high value, it will stay at the
peak for a limited time, given the low duty cycle, and the low value of backgroung current
does not provide enough arc presure to smooth out the solidifying weld pool and avoid the
formation of the welding ripples [76, 87]. The lower travel speeds is used to make sure that
the arc stays over the weld pool for a longer time.
Considering this need to decrease the travel speed, the nominal heat input is not nec-
essarily proportional to the average current and instantaneous average power. Figure 4.1
shows the variation of average current and nominal heat input for all the profiles and wire
feeding speed. On Figure 4.1(a) one can see that for all wire feeding speeds, profile 2 with
high peak and low background current, low Ib/Ip ratio, uses the lowest average current
and profile 1 at high Ib/Ip ratio, lower peak and higher background current, and requires
the highest average current. Accordingly, profile 2 at low Ib/Ip current ratio setting, have
the lowest heat input value. On the other hand, profile 1 using the low Ib/Ip current ratio
setting produces the highest heat input values, and not profile 1 at high Ib/Ip current ratio
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Table 4.1: Input welding parameters for one-droplet-per-pulse metal transfer regime.
Wire feeding Current
Profile
Welding Pulse
Ip Ibspeed ratio Speed frequency
(ipma) (ipm) (Hz) (A) (A)
150
High
P1
12 140 375 50
P2
Low
P1
10 110 510 30
P2
200
High
P1
10 170 380 75
P2
Low
P1
10 150 520 40
P2
250
High
P1
14 220 400 100
P2
Low
P1
12 180 520 45
P2
300
High
P1
14 240 400 115
P2
Low
P1
12 220 530 55
P2
a ipm = inches per minute.
setting, which have the highest average current and instantaneous average power. It can
therefore be concluded that for GMAW-P, square current profile, profile 2, allows the trans-
fer in the ODPP regime with the lowest heat input, when compared to the exponential
profile.
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Table 4.2: Output welding parameters for one-droplet-per-pulse metal transfer regime.
Wire feeding Current
Profile Im Voltage Power dc tp
Heat
speed Ratio input
(ipma) (A) (V) (W) (%) (ms) (kJ/mm)
150
High
P1 138 21.5 3308 27.0 1.93 0.651
P2 115 21.5 2840 19.9 1.42 0.559
Low
P1 110 20.2 2842 16.6 1.51 0.671
P2 90 20.0 2323 12.4 1.13 0.552
200
High
P1 167 22.6 4110 30.3 1.78 0.809
P2 152 22.5 3788 25.4 1.49 0.746
Low
P1 155 22.1 4143 23.9 1.54 0.815
P2 123 22.0 3396 17.4 1.16 0.669
250
High
P1 218 24.1 5514 39.3 1.82 0.930
P2 183 24.9 4860 27.7 1.26 0.820
Low
P1 176 23.3 4874 27.5 1.55 0.959
P2 147 23.3 4210 21.6 1.20 0.833
300
High
P1 237 25.6 6363 43.0 1.79 1.074
P2 212 26.2 5924 34.1 1.42 1.000
Low
P1 224 24.9 6344 35.6 1.62 1.249
P2 177 24.4 5180 25.8 1.17 1.021
a ipm = inches per minute.
4.2 High-speed imaging1
In this section the results of the high-speed imaging are presented. Different camera settings
were used in order to reveal different features of the arc phenomena and metal transfer.
For evaluation of the camera settings, only profile 2 was used. For this set of experiments
the welding conditions were wire feeding speed of 150 ipm; travel speed of 7.5 ipm; peak
current Ip = 400 A; background current Ip = 50 A; pulse frequency of 90 Hz, and voltage
1The contents of this section of the chapter have been incorporated within a paper that has been
submitted for publication. E. B. F. Dos Santos, L. H. Kuroiwa, A. F. C. Ferreira, R. Pistor and A. P.
Gerlich, “On the visualization of gas metal arc welding plasma and the relationship between arc length
and voltage”. Submitted to the journal Applied Sciences. Submission date March 18, 2017.
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Figure 4.1: (a) variation of average current and (b) nominal heat input with wire feeding
speed.
of 20 V.
Figure 4.2 shows the images acquired when the arc radiation was filtered with a
515±10 nm narrow band pass filter for different camera sensor exposure times. In this
figure, the camera exposure time is varied from 3.91 to 80µs. Each column of this figure
shows the images from the start of peak phase to the onset of background current. Iron
(Fe) has a strong emission peak (Fe I) at the wavelength of 516.74 nm [80], and hence using
a narrow band pass filter of 515±10 nm wavelength will limit the passage of radiation that
is mostly from Fe I. Hence, the bright regions on these images are composed mostly of
iron vapour, given that the only light passing through the filter is in the range of this
characteristic iron emission peak. Although iron has a peak emission line at 515±10 nm
wavelength, other radiation is also able to reach the camera sensor. As a consequence of
that, increasing exposure time will allow more radiation to reach the camera sensor, over-
exposing the image, leading to image flare. This can be seen on the fifth row of Figure 4.2
for the exposure times of 20, 40 and 80µs.
Despite the image flare due to the excessive sensor exposure, 3.91 and 6.25µs exposure
times allow to the imaging of the iron vapor formation and evolution during the current
pulse period. In Figure 4.2 at the times of 123.0 and 79.8 ms for the exposure time of 3.91
and 6.25µs, respectively, that the light captured by the camera sensor is being emitted
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Figure 4.2: Arc appearance for aperture of f/22 using at narrow band pass filter of
515±10 nm wavelength for different camera sensor exposure time.
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from the wire tip, weld pool and the small droplet being transfered. Those regions are the
main source of iron vapour owing to the high temperature of their surfaces [71, 66]. As the
current increases to peak phase, the amount of vapour emitted from the wire tip increases
due to the increase in wire tip temperature. This evolution of metal vapour region has
been repeatedly predicted by numerical simulations [66, 44, 69]. Additionally, on Figure 4.2
for the exposure time of 3.91 and 6.25µs, one can see that the metal vapour around the
secondary droplet is pushed downward away from the molten pool, as the pulse current
increases to peak value, owing to the increase in plasma flow velocity as a consequence of
the current increase [61]. Boselli et al. [68] has numerically shown that this metal vapour
pushed to lower temperature arc regions will lead to fume formation.
Figure 4.3: Pixel intensity at wire tip for a current of 55 A, observed with an aperture of
f/22 using at narrow band pass filter of 515±10nm wavelength and exposure time of 80µs.
Given that when the 515±10 nm wavelength filter is used, the image brightness is
proportional to the amount of high temperature iron vapour, one could use this information
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and correlate the image pixel intensity to the amount of iron vapor present in a specific
region. This is shown on Figure 4.3, where images were taken during current background
phase with an exposure time of 80µs. The evolution of brightness for pixels along line A
in Figure 4.3(a) are ploted in Figure 4.3(b). It can be seen that the pixel intensity (gray
value) increases with time, indicating an increase in the amount of iron metal vapour in
the wire tip. This is in agreement with numerical simulation of Boselli et al. [66] where
was shown that during background current phase iron vapour accumulates at the wire tip
and it not dragged down by the plasma flow due to the slow flow velocities owing to the
small current values.
In Figure 4.4 the evolution of arc and droplet formation during the current pulse (for
the same welding conditions corresponding to Figure 4.2) are shown for different exposure
times when a 900±10 nm wavelength narrow band pass filter is used. In this figure, the
camera exposure time is varied from 6.25 to 160µs. Compared to those acquired with the
516±10 nm filter, these images provide more details of the droplet formation sequence and
weld pool motion. An exposure time of 20µs allows simultaneous visualization of the arc,
droplet formation and molten pool motion. Indeed, at an exposure time of 20µs, one can
distinguish an inner brighter cone in the arc, which can be compared to the 515±10 nm
wavelength filter to reveal that this brighter inner cone is the iron vapour core of the arc.
This is shown in Figure 4.5 where the snapshots at equivalent times taken using both filter
are compared. Therefore, the 900±10 nm wavelength filter allows to visualize both regions
of the arc, i.e. the inner cone with a high fraction of iron vapour and the outer cone
composed of mostly ionized shielding gas, which is Ar in the present investigation.
For all the filters and camera settings tested in this work, it was found that when
the 900±10 nm wavelength filter is used with camera exposure time of 80 and 160µs, it
provides clear pictures of the events occurring during background phase of current pulse
profiles allowing monitoring of droplet transfer and weld pool motion. This is shown on
Figure 4.6.
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Figure 4.4: Arc appearance for aperture of f/22 using at narrow band pass filter of
900±10 nm wavelength for different camera sensor exposure time.
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Figure 4.5: Iron (Fe) metal vapour and argon (Ar) dominated regions (current of 400 A).
Pulse time
900±10nm
160μs
80μs
900±10nm
(a)
(b)
Figure 4.6: Setting that can be used for (a) droplet temperature measurement and (b)
weld pool behavior (current 50 A).
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Chapter 5
Metal transfer and bead
characteristics
Overview
This chapter is divided into two main sections, the first, Section 5.1, presents the compar-
ative analysis of metal transfer for the two current pulse profiles investigated for a range of
process parameters. The metal transfer for both profiles is compared in terms of droplet
formation, detachment and finally the velocity of the detaching droplet is evaluated. In
the second section of this chapter, Section 5.2, the correlation between metal transfer and
bead geometric and metallurgical characteristics are discussed.
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5.1 Metal transfer1
5.1.1 Droplet formation
Figures 5.1 through 5.4 show the sequence of events occurring during droplet formation and
detachment for the two profiles and settings investigated. It was found that the longer time
taken by profile 1 to reach background current has a consequence on the amount of necking
that the molten metal at the wire tip undergoes before base current is reached. This is
shown on Figure 5.1, where the droplet formation was observed during peak time. It was
verified that at the end of peak phase the necking diameter was 0.46 mm for profile 1, while
for the same conditions the diameter was 0.74 mm when profile 2 is used. In Figures 5.3
and 5.4 the arc was recorded during the base current phase and this difference between
the profiles is even more clear, regardless of the current ratio used. Compare the necking
diameter at the moment that background current is reached, at 2.4 ms in Figure 5.4(a)
versus 3.2 ms in Figure 5.4(b). This observation was consistent throughout the range of
parameters investigated and more evident for the conditions where low Ib/Ip ratios were
used. The stronger necking observed in Fig. 5.1 when the pulse assumes background
current, for profile 1, is caused by the strong electromagnetic pinch acting on the liquid
metal column for a longer time, due to the slow decay in current for this profile, compared
to the reduced time in profile 2 due to the sharp drop in current from peak to background.
The ratio between background and peak current, Ib/Ip, also has an influence in droplet
formation. It was found that if low Ib/Ip ratios are used, i.e. higher values of peak currents,
most of wire melting and droplet formation occurs during peak phase of current, as well
as an longer necking is observed. This can be observed by comparing Figure 5.3 to 5.4.
It is possible to see that using a high Ib/Ip ratio, Fig.5.3, the droplet is still being formed
when the pulse assumes background current, while for the condition where this ratio is low,
1The content of this section of the chapter have been incorporated within an Accepted Manuscript of
an article published by Taylor & Francis in Science and Technology of Welding and Joining on February
21, 2017, available online: http://wwww.tandfonline.com/10.1080/13621718.2017.1288889. E. B. F. Dos
Santos, R. Pistor and A. P. Gerlich, “Pulse profile and metal transfer in pulsed gas metal arc welding:
droplet formation, detachment and velocity”.
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(a)
(b)
0.46 mm
0.74 mm
P1 Low Ib/Ip ratio
P2 Low Ib/Ip ratio
Figure 5.1: Droplet formation for profiles 1 and 2 at a wire feeding speed of 200 ipm
recorded during peak current phase.
(b) P1 Low Ib/Ip ratio
(a) P1 High Ib/Ip ratio
Figure 5.2: Droplet formation for profile 1 at a wire feeding speed of 150 ipm for the (a)
high and (b) low Ib/Ip current ratios.
Figure 5.4, it is clear the droplet already formed. Whether or not the droplet is already
formed at the moment that background current is reached will have a direct effect on the
droplet speed as will be explained later.
Figure 5.1 suggests the brighter inner cone composed of iron vapour content, formed
due to evaporation of the overheated electrode tip [71, 5, 63, 66]. It is noticeable that
metal vapour is generated for a shorter time when profile 2 is used, compared to profile 1.
Additionally, this high iron vapour region is narrower for profile 2. Narrower iron vapour
plasma streams also observed when comparing setting of high and low peak currents,
Figure 5.2, and it shown that a higher peak current results in a narrower arc core, which is
as consequence of the stronger arc pressure, which increases with increasing peak current
according to Equation 2.6.
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(a)
(b)
P1 High Ib/Ip ratio
P2 High Ib/Ip ratio
Figure 5.3: Droplet detachment for profiles 1 and 2 at a wire feeding speed of 200 ipm,
when high values of Ib/Ip current ratio is used. The arrows indicate the arc attachment
position for each time.
P1(a)
(b)
P1 Low Ib/Ip ratio
P2 Low Ib/Ip ratio
Figure 5.4: Droplet detachment for profiles 1 and 2 at a wire feeding speed of 300 ipm,
when low values Ib/Ip current ratio are used. The arrows indicate the arc attachment
position for each time.
5.1.2 Droplet detachment
Droplet detachment differs for both profiles, regardless of the current ratio Ib/Ip value used.
Droplet detachment for profile 1 occurs at current values in the transition from peak to
background, while for profile 2 the droplet detachment occurs during background current
phase, and this can be seen comparing top and bottom of Figure 5.4. In Figures 5.3 and
5.4 it is possible to notice a change in the position where the arc attaches to the wire
during background current when comparing both profiles. The zone of arc attachment to
the wire is the region of maximum brightness in each frame in the sequence of snapshots
and is indicated by the arrows.
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For profile 1, the arc attaches to the wire in an area slightly above the forming droplet,
on the constricted portion of the wire. On the other hand, for profile 2, the arc attachment
point follows the bottom of the detaching droplet and jumps back to the wire tip only
after droplet detaches. This difference between the profiles was verified for both high and
low Ib/Ip current ratio settings, see Figures 5.3 and 5.4. This jump in arc attachment to
the wire was also identified by monitoring the signal of voltage, and presented itself to
happen consistently, see Figure 5.5. While profile 1 presents a smooth decay in voltage
signal after maximum voltage is achieved, Figure 5.5(a), profile 2 shows a secondary peak
in the current signal and this happens after droplet detachment at a time of 5.25 ms. This
is better seen in Figure 5.6 when the images from the high speed camera are synchronised
with the current and voltage signals.
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Figure 5.5: Current and voltage signal for (a) profile 1 and profile 2. The time when
detachment occurs is indicated by the vertical dash line.
The observed difference in arc attachment position for the investigated profiles, can be
a consequence of changes in arc plasma electrical properties due to the different amount of
iron metal vapour formed. This is shown in Figure 5.1, and if one compares the top and
bottom portions of this figure, it can be noted that the generation of metal vapour takes
place during a longer time for profile 1, as consequence of the slow decay from peak to
background current. It follows that a higher amount of current is allowed to flow through
the droplet bottom for profile 2, due to the lower amount of iron vapour, while for profile
1 the high amount of metal vapour forces the arc to climb the wire to a position above
the forming droplet, i.e. to the wire constriction area. This mechanism was described by
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Figure 5.6: Synchronised current and voltage signals with snapshots from high speed pho-
tography. In (a) the sequence of events for profile 1 and (b) for profile 2. The arrows
indicate the arc attachment position for each time.
Hertel et al. [44, 69] based on their simulation results, but has not yet been confirmed
experimentally.
Although direct estimation of iron metal vapour, arc properties and current distribu-
44
tion were not performed, either experimentally or by numerical simulations, one major
implication of the present work is to indicate that when profile 2 is used, potentially less
metal vapour is generated and this helps to maintain the arc attached to the droplet bot-
tom. Meanwhile, for profile 1 the formation of metal vapour is enhanced because it is
happening for a longer time, due to the slower decrease in pulse current. This will shift the
arc to attach to the wire in its constriction region, and consequently no jump in the arc
attachment position is observed either in the high speed videos and on the voltage signal
recordings. The possible mechanism for that, is that the larger amount of metal vapour
in profile 1, which decreases the electrical conductivity at the bottom of the droplet, while
on the other hand, a faster drop-off of current for profile 2 and shorter duty cycles leads to
lower amounts of iron metal vapour generated, and this allows a higher amount of current
to flow through the tip of the forming droplet, maintaining the arc attachment position at
the tip of the wire until the droplet detaches.
5.1.3 Droplet velocity
Figure 5.7 gives the measured droplet diameter and velocity for both profiles at the different
welding conditions used. Droplet diameter values vary between 1.0 to 1.2 mm, regardless
of pulse profile and welding condition used. On the other hand, droplet velocity changed
as the wire feeding speed and pulse settings were modified. For both profiles, the trend is
that faster droplet speeds are achieved using conditions with high peak and low background
currents. On this figure it is also shown that the droplet velocity tends to increase as the
wire feeding speed is increased, for both profiles at low and high Ib/Ip current ratios.
Note that for low values of Ib/Ip current ratio, the droplet speed is lower for profile 2,
specially as the wire feeding speed increases. The increase in droplet velocity as peak
current increases, shown in Figure 5.7, is a consequence of the simultaneous increase of the
electromagnetic force, momentum flux and drag force, which further accelerates the droplet.
As shown in Equation 2.1, the magnitude of the electromagnetic force increases with the
square of current, and hence the observed increase in the droplet velocity, when low Ib/Ip
current ratios are used. In addition, the force due to conservation of the momentum [3,
45] of the high speed fluid flow [88, 89, 31, 90, 44] induced within the droplet by the
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electromagnetic force, Equation 2.2, also contributes to the increase in droplet speed.
Lastly, once detachment occurs, the high flow developed in the plasma, which increases
with the square of current according to Eq. 2.5, increases the drag coefficient which further
increase the acceleration of the droplet due to the flow of the arc plasma.
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Figure 5.7: Measured droplet velocity (a-b); and diameter (c-d) for both profiles.
The increase in droplet velocity as the wire feeding speed is increased, Figure 5.7, is the
same for both profiles when the high Ib/Ip current rations are used, even though droplet
detachment for profile 2 occurs at a much lower current value when compared to that of
profile 1. The equivalent droplet velocity of profile 2 is due to the instantaneous change
in arc attachment position that follows droplet detachment, causing a sudden increase in
arc pressure at the electrode tip [32, 91], which in turns accelerates the droplet. This is
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seen in Figure 5.3, where comparing the droplet shape after detachment, that of profile 2 is
mode elliptical, as a consequence of the high pressure at wire tip pushing the droplet, while
that of profile 1 is more spherical in shape. Consequently, if the distance between the wire
tip and the droplet at the moment of detachment is increased, then this effect of sudden
increase in arc pressure at wire tip on droplet increasing droplet acceleration will not be
as strong, and this is observed when low Ib/Ip current ratio is used. At a wire feeding
speed of 300 ipm, profile 2 presents a decrease in the average droplet speed, Figure 5.7(b),
compared to that of profile 1 for the same settings, Figure 5.7(a).
Another fact contributing to the decrease in droplet velocity of profile 2, when low
Ib/Ip current ratio is used, is the increase in the retaining force due to surface tension. The
retaining force due to surface tension is increased because of large diameter of the necking
region, given that larger diameters increases the surface tension retaining force according
to Equation 2.4. This difference in necking diameter is observed in Figure 5.4(b) where one
can see that the droplet is still forming for profile 2 at the moment that the pulse assumes
background current value, compared to profile 1 at the moment base current phase where
the droplet is clearly formed. This reduced necking of the molten electrode tip of profiles
2, provides the possibility of achieving metal transfer in streaming mode, as discussed in
Chapter 6 of this thesis.
It was also found that the increase in droplet speed with low Ib/Ip current ratios is
not only due to the increase in peak current, but also due to the reduction of background
current. A set of experiments where only peak and background current were separately
changed, was performed using profiles 2, with the welding parameters shown on Table 5.1.
The results of droplet velocity are shown on Fig. 5.8. Indeed, droplet speed is increased
as the peak current increases, but also note the increase in droplet velocity as the back-
ground current is reduced. A variation of 100 A in peak current promoted a increase of only
0.37 m.s−1 in the droplet speed, on the other hand, an increase of 0.54 m.s−1 is observed
when the background current is changed by only 40 A. Although peak and background
current effect are interrelated, this result suggests that background current has a signif-
icant influence in controlling the final speed of the impinging droplet and should not be
disregarded. The increase in droplet speed, with decreasing background current is due to
the decrease of the retaining force due to arc pressure, Equation 2.3, which decreases with
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the square of current. Lastly, one can note from Table 5.1 and Figure 5.8 that for pulsed
GMAW the droplet speed is not proportional to the average current, as it is the case for
constant voltage GMAW.
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5.1.4 Droplet velocity prediction
To predict droplet velocity, one could try to perform regressive analysis using the welding
parameters. However, due to the intrinsic characteristics of pulsed GMAW of the interde-
pendence of the various welding parameters, changes in welding parameters, as for example
Ib and/or Ip will require changes in other parameters such as pulse frequency, f , and time
at peak current, tp. Changes in these parameters will inevitably cause variations in physical
properties of both the electrode and arc plasma, such as electrode surface tension, due to
change in electrode tip temperature, and plasma conductivity. That would lead to further
difficulties when building a regressive model to predict droplet velocity, and a large amount
of experimental data would be necessary to build a regressive model of high predictive ca-
pability. If one tries to build a regressive model, including both process parameters and
physical properties, arranging all the variables in a way that the calculated number has
the physical meaning of velocity, i.e. the dimension of length over time (m.s−1), this would
be a cumbersome task.
One way to overcome this situation would be to predict the variation of the dimension-
less droplet velocity, as a function of the dimensionless welding parameters and physical
constants, and then convert this into the dimension of length over time using the appro-
priate methodology. This can be done based on the theory of dimensional analysis, which
states that if a physical phenomenon is a function of n independent variables, then its
dimensionless quantity is a function of n− k dimensionless variables, k being the number
of fundamental units [92].
In order to perform a dimensional analysis of the droplet speed, v, the variables that
have major influence on the final droplet velocity have to be identified. Based on the
analysis of metal transfer presented in Section 5.1.3, the welding parameters playing a
major role on the formation and detachment of the droplet in pulsed GAMW are: peak,
background and mean currents; average arc voltage, V ; time at peak current, tp; pulse
frequency, f ; and wire feeding speed, s. Changes in pulse parameters will promote changes
in the properties of the arc [71, 48] and the metal being transferred [93], and hence in the
dynamic balance of the forces acting on droplet formation and detachment. Therefore, arc
electrical conductivity, σ, and magnetic permeability, µ0, and motel metal surface tension
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coefficient, should also be included and variables. Also, the droplet radius and density
would have to be included in the analysis.
As shown in subsection 2.2.1, the radius of the droplet influences the magnitude of the
electromagnetic, momentum flux, drag and surface tension forces, and hence it should be
also included. Therefore, based on the analysis of the reported results in subsection 5.1.3
and taking into account the forces acting of droplet transfer (see subsection 2.2.1), droplet
velocity, v, will be expressed as a function of the following variables:
v = f (Ip, Ib, Im, V, tp, f, s, µo, σ, ρ, γ, r) (5.1)
where:
Ip = peak current [I];
Ib = background current [I];
Im = mean current [I];
V = average voltage [ML2T−3I−1];
tp = time at peak current [T ];
f = pulse frequency [T−1];
s= wire feeding speed [LT−1];
µo = permeability constant [MLT
−2I−2];
σ= arc electrical conductivity [M−1L−3T 3I2];
ρ= wire density [ML−3];
γ= surface tension coefficient [MT−2];
r= droplet radius [L].
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The gravitational acceleration, g, was not included as a variable because it has a sec-
ondary effect on droplet velocity, when compared to the other forces playing a role. In
addition to that, for pulsed GMAW, the droplet speed is greatly influenced by the con-
servation of momentum of the fluid flow developed inside the forming droplet during peak
phase of the current profile [88, 89, 31, 90, 44], which in the case of the present investi-
gation are all above 380 A. Furthermore, in the present study, once the droplet detaches,
the gravitational force acting on the droplet can be assumed as equal for both profiles in
the range of parameters investigated, given that droplet diameter for all conditions are
approximately the same, as shown in Figure 5.7.
In total, there are 12 independent variables, plus the dependent variable droplet velocity,
giving a total of 13 variables, n = 13. The number of fundamental units involved in this
problem is four, k = 4: length [L], mass [M ], time [T ] and current [I]. Hence, according to
the Buckingham pi-theorem, there should be 9 dimensionless numbers, among which eight
are independent and the ninth is the dimensionless values of velocity. Following are the
nine dimensionless numbers used for the analysis in the present work (their derivation is
detailed in Appendix A).
I¯b =
Ib
Ip
(5.2)
I¯m =
Im
Ip
(5.3)
V¯ =
IpV
γsr
(5.4)
t¯p = tp
s
r
(5.5)
f¯ = f
r
s
(5.6)
µ¯o =
µoI
2
p
γr
(5.7)
σ¯ =
σγsr2
I2p
(5.8)
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ρ¯ =
ρrs2
γ
(5.9)
and then the dimensionless velocity, v¯, is
v¯ =
v
s
(5.10)
It was verified during the NN training and testing step that, if instead of expressing
the dimensionless droplet velocity as in Equation 5.10, it is represented as Equation 5.11
such that the trained model predictability is enhanced.
v¯ =
√
v
s
(5.11)
Regardless of which dimensionless velocity is used, either Equation 5.10 or 5.11, the
dimensionless velocity can be expressed as a function of the dimensionless independent
variables as follows
v¯ = ψ
(
I¯b, I¯m, V¯ , t¯p, f¯ , µ¯o, σ¯, ρ¯
)
(5.12)
From that, it follows that if the value of the ψ function is estimated according to
Equation 5.10, the dimensional droplet speed can be found to be equal to
v = s× v¯ (5.13)
or
v = s× v¯2 (5.14)
if Eq. 5.11 is used as the dimensionless value of droplet velocity.
The dimensional groups presented above were used as inputs in the MLP Regressor NN
algorithm. During the training exercise, it was verified that the algorithm parameters that
more strongly affect the predictive capability of the model, as measured by the Pearson
correlation coefficient, was the number of nodes (neurons) in the hidden layer and folds
used for cross validation. Varying the number of hidden nodes and the number of cross-
validation folds (procedure detailed in Appendix B), it was determined that 1 hidden node
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Figure 5.9: Neural network diagram.
and 10 cross-validation folds yield the highest Pearson’s correlation coefficient and lower
variability. Indeed, 10-folds cross validation is reported in the literature as an optimum
number for minimization of prediction error [85, 86, 94, 95]. Figure 5.9 shows schematically
the NN diagram used. Cross validation using 10-folds, means that the dataset is divided
into 10 equal parts, then 9 of them were used for training, then the trained model is tested
on the one instance left. After that, 9 different instances, including the one that was left
aside in the previous iteration, are used for training and then the trained model is tested
on the one instance left aside in at this iteration. In the end, all 10 instances were used
exactly one time for testing. The remaining NN parameters were, ridge equal to 0.01, seed
equal to 1 and tolerance of 10−6. For the purpose of verifying the trained model, a set of
data, not used in training step, was used for testing the trained model. Those are indicated
by filled stars, “F”.
Table 5.2 shows the trained model statistics and Table 5.3 presents the statistics of
testing when the set of 6 droplet velocity data points was used as a test set. It can be seen
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Table 5.2: Neural network training statistics for a set of 30 droplet velocity data.
Statistics Model 1 Model 2
Correlation coefficient 0.8971 0.9112
Mean absolute error 1.5780 0.2313
Root mean squared error 1.8765 0.2726
Relative absolute error 42.69% 40.45%
Root relative squared error 42.42% 39.48%
Table 5.3: Neural network model testing statistics for 6 random droplet velocity data.
Statistics Model 1 Model 2
Correlation coefficient 0.9895 0.9918
Mean absolute error 0.9695 0.1304
Root mean squared error 1.1278 0.1522
that both trained models yielded high correlation coefficients when tested on the 6 data
points. In Fig. 5.10 the predicted droplet velocity are plotted against the measured values
for both models. The dashed lines represent the 95% upper and lower prediction bounds
of the trained models, i.e. model prediction interval. Note the testing points falling inside
the model prediction internal over the equality line, as indicated by the filled star, “F”,
confirming the predictive generality of the trained models.
Another way to compare predicted to measured values is by using the Bland-Altman
plot [96]. On this plot, the difference between measured and predicted values are plotted
against their average. The central solid horizontal line is equal to the mean of the difference
and represents the bias between measurements and predictions, and hence the closer this
value is to zero, the lower is the bias and better is the agreement between predicted and
measured values. This method also makes the assumption that, if the residuals between
measured and estimated are normally distributed, 95% of them should fall in the interval
between ±1.96 SD, where SD is the standard deviation of the differences. Therefore, this
plot is able to show what is the bias between measured and estimated droplet velocity
values, and the range in which 95% of the residuals are included. The Bland-Altman
plots are presented in Fig. 5.11. From those plots it can be seen that both models give
low bias, and based on margin of error bounded by ±1.96 SD, it can be affirmed that the
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Figure 5.10: Measured and predicted droplet velocity for the different models. The set of
random experiment are represented by (F) symbol, and are the same used to investigate
the influence of peak and background current on the velocity of the droplet and is shown
on Fig. 5.8.
trained models the capability of predicting droplet speed within a margin of error of about
±0.33 m.s−1.
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Figure 5.11: Bland-Altman plot for the measured and predicted droplet velocity. The set
of random experiment are represented by (F) symbol, and are the same used to investigate
the influence of peak and background current on the velocity of the droplet and is shown
on Fig. 5.8.
MLPRegressor classifier was chosen because it has just one hidden-layer, leading to
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a simpler algorithm, that has capabilities to be incorporated into embedded systems, as
it is used in other fields, as for example in medicine for tracking physical health of in-
dividuals [97]. Regarding its applicability to welding, the methodology described here,
at an advanced stage, could be used for training of models capable of predicting bead
penetration, which then could be embedded into welding power supplies to estimate bead
penetration by using the process parameters as input, or even in mobile devices that can
be used in the field by welding engineers and practitioners.
5.2 Bead characteristics2
5.2.1 Bead penetration
In Figure 5.12 the bead total penetration is plotted against wire feeding speed and welding
heat input, for both profiles at different wire feeding speeds and pulse settings. Note that
profile 1, at low Ib/Ip pulse setting, exhibits the highest bead penetration compared to
all other profiles, while profile 2 at low Tb/Ip current setting presented the lowest bead
penetration values. Note also the good correlation between bead penetration and welding
heat input, suggesting that the lower penetration for profile 2 is related to the lower heat
input that this profile required to transfer metal, compared to profile 1.
Figures 5.13 and 5.14 presents the bead cross section for the wire feeding speed of 200
and 300 ipm, respectively. From the bead cross sections, one can see that the high pen-
etration of profile 1 with the settings of low Ib/Ip current ratio has mainly a finger-like
penetration profile, see Figures 5.13(c) and 5.14(c). This penetration profile is a charac-
teristic resulting from the impact of the high speed impinging droplet (see Figure 5.7),
and consistent with the trend reported by Essers and Walter [8], in which the depth of
2The contents of this section of the chapter have been incorporated within an article available in the
Proceedings of the 10th International Conference on Trends in Welding Research & 9th International
Welding Symposium of Japan Welding Society (9WS), October 11-14, 2016, Tokyo, Japan, organized by
American Welding Society (AWS) & Japan Welding Society (JWS), pages 579-583. E. B. F. Dos Santos,
A. R. H. Midawi, R. Pistor and A. P. Gerlich, “Influence of pulse profile on droplet transfer dynamics and
its implication on gas metal arc weld bead penetration and cooling rate”.
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Figure 5.12: Variation of bead penetration for different pulse profiles with (a) wire feeding
speed and (b) heat input.
penetration is mostly influenced by the impact of the impinging droplet, while the bead
total cross-sectional area is a consequence of the heat content of the impinging droplet.
(a) (b) (c) (d)
Figure 5.13: Bead cross section for the wire feeding speed of 200 ipm for (a) profile 1 with
high Ib/Ip, (b) profile 2 with high Ib/Ip, (c) profile 1 with low Ib/Ip and (d) profile 2 with
low Ib/Ip current ratio.
(a) (b) (c) (d)
Figure 5.14: Bead cross section for the wire feeding speed of 300 ipm for (a) profile 1 with
high Ib/Ip, (b) profile 2 with high Ib/Ip, (c) profile 1 with low Ib/Ip and (d) profile 2 with
low Ib/Ip current ratio.
Figure 5.15 shows the overlap of bead penetration profiles, for the wire feeding speed of
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200 ipm. One can see that profile 1 produces the greatest penetration, and that the setting
of low Ib/Ip current ratio leads to a smaller total penetrated cross-sectional area compared
to high Ib/Ip current ratio setting. Consistently, profile 2 with high Ib/Ip current ratio
setting provides the lowest penetration and a larger total penetrated cross-sectional area,
when the opposite is true when comparing to low Ib/Ip current ratio setting. In section 5.1.2
it was shown that droplet detachment for profile 2 occurs at background current values,
compared to detachment when using a higher current for profile 1, suggesting that the heat
content of the droplet of profile 2 is lower, and this is supported by the lower penetration
for profile 2. For the wire feeding speed of 200 ipm the droplet velocity, and diameter was
the same for both profiles at the different settings.
P1 High Ib
Ip
ratio
P2 High Ib
Ip
ratio
P2 Low Ib
Ip
ratio
P1 Low Ib
Ip
ratio
Figure 5.15: Comparison of penetration profile for the wire feeding speed of 200 ipm.
In Figure 5.16 bead penetration is plotted against the momentum rate and effective
momentum, and one can see that neither of the quantities presents a clear correlation
to bead penetration, as it have been reported by previous researchers [8, 9]. The lack of
correlation between bead penetration and momentum rate and effective momentum for the
case of GMAW-P is due to the fact that, the momentum quantities take into consideration
only mass transfer, and not necessarily the heat transfer. The authors that reported a good
relationship between those quantities, were investigating for constant voltage GMAW where
droplet speed and detachment frequency is proportional to average current, and hence
droplet heat content carried by the droplet [36, 37]. However as shown in subsection 5.1.3
that is not the case in GMAW-P, where the droplet speed and detachment frequency is
not necessarily proportional to the average welding current, and hence the correlation does
not hold.
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Figure 5.16: Correlation between bead penetration and (a) momentum rate [8] and (b)
effective momentum [9].
Using dimensional analysis, Murray and Scotti [10] modelled bead penetration as a
function of mass and heat transfer dimensionless number, A and B respectively. In Fig-
ure 5.17 those dimensionless numbers are plotted against wire feeding speed for each profile
and pulse setting. From Figure 5.17(a) it is noted that the mass transfer number changes
slightly between the profiles for a given wire feeding speed, and that it increases with wire
feeding speed, owing to increased wire feeding rate. On the other hand, as shown in Fig-
ure 5.17(b), the heat transfer number is higher for profile 1 using high Ib/Ip current ratio,
and the lowest for profile 2 using low Ib/Ip current ratio.
In Figure 5.18 penetration is plotted as function of mass and heat transfer coefficients
and heat input. If one considers the penetration as a function of the dimensional number
only, it can be seen that for the same mass transfer number, bead penetration is deeper
for profile 1, compared to profile 2, see Figure 5.18(a), owing to the lower heat transfer
number of profile 2. The variation of penetration as a function of heat transfer number
is shown in Figure 5.18(b), and one finds that penetration increases with heat transfer
number, and that for a given heat transfer number, profile 1 with low Ib/Ip current ratio
setting have the highest penetration. This is a consequence of the high droplet velocity
which increases the momentum rate and/or effective momentum (Figure 5.16), explaining
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Figure 5.17: Variation of (a) mass and (b) heat transfer numbers with wire feeding speed
for profiles 1 and 2 for the different settings investigated.
the lowest penetration for profile 2 when a low Ib/Ip current ratio is used, given that it has
lowest mass and heat transfer numbers, as well as low droplet velocity.
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Figure 5.18: Variation of penetration with (a) mass (b) heat transfer numbers.
Bead penetration was predicted according to the model proposed by Murray and
Scotti [10] and the comparison between predicted and measured values is shown in Fig-
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Figure 5.19: Comparison of measured and predicted penetration according to the model
proposed by Murray and Scotti [10].
ure 5.19. Although it is possible to see some agreement between predicted and measured
values, a closer analysis reveals that in overall the model predicted values is lower that the
measured one for pulse 1 with low Ib/Ip current settings. Note that this is the condition
where faster droplet speeds are achieved, and hence the model does not take the droplet
velocity into account, and so the predicted values are smaller.
The results of this section suggests that in order to model bead penetration, a model
should take into account the transfer of mass, heat and momentum from the transferring
droplet. Furthermore, for GMAW-P droplet speed should be directly included into the
model and not indirectly by means of average current, given that in GMAW-P droplet
speed is not necessarily proportional average welding current.
5.2.2 HAZ characteristics
As discussed in previous sections, profile 2 transfer metal required the least amount of arc
power. This can also imply in lowering the heat content provided to the base metal, what
can be an advantage when welding heat sensitive materials. To evaluate whether or not
there is a difference in the amount of heat given to the base metal, the HAZ area and
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prior austenite grain size in the coarse grain heat affected zone (CGHAZ) was measured.
Figure 5.20 compares the HAZ area and prior austenite grain size in the CGHAZ for
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Figure 5.20: (a) HAZ area and (b) CGHAZ prior austenite grain size.
both profiles at the different settings evaluated. It is observed that the HAZ area is in
fact smaller when profile 2 is used, Figure 5.20(a). The measurements reveals that the
apparent prior austenite grain size is smaller for profile 2 when using a low Ib/Ip current
ratio setting, Figure 5.20(b). This can be understood as a lower peak temperature, due
to the lower heat input to the base metal, consequently reducing the amount of growth of
the austenite grain in the regions above astenitization temperature. Despite the scatter
in the measurements of HAZ characteristics, these results, in addition to the analysis of
penetration presented in section 5.2.1, confirm that the metal transfer for profile 2, can be
achieved such that the amount of heat input to the base metal can be reduced.
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Chapter 6
Streaming transfer: the metal beam1
Overview
This chapter presents the characteristics of a streaming transfer that is achieved at low
arc lengths. The metal transfer occurs when using a nearly square shaped current profile,
profile 2, such that when high pulse frequency are used with high peak and low background
current, a stream metal transfer is achieved with a short arc lengths.
6.1 The metal beam
The comparison of metal transfer between profiles 1 and 2, as presented in sections 5.1.1
and 5.1.2, is summarized in Figure 6.1. This shows that the droplet is not yet completely
formed when pulse assumes a background current value for profile 2, specially when high
peak and low background currents are used (low Ib/Ip current ration setting). It can be
seen that for profile 2 (P2) the minimum diameter of the necking region is larger compared
1The content of this chapter have been incorporated within an Accepted Manuscript of an ar-
ticle published by Elsevier B.V. in Manufacturing Letters on January 5, 2017, available online:
http://www.sciencedirect.com/science/article/pii/S2213846317300019. E. B. F. Dos Santos, R. Pistor
and A. P. Gerlich, “High frequency pulsed gas metal arc welding (GMAW-P): the metal beam process”.
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to that of profile 1 (P1). Furthermore, when using profile 1, most of droplet formation and
detachment happens before the background current is achieved. For example on Figure 6.1,
at a wire feeding speed of 300 ipm, the droplet has already completely detached for profile 2,
Fig. 6.1(d), while for profile 2 the droplet is still at an early stage of formation, Fig. 6.1(h).
(f) (g) (h)
150 ipm 200 ipm 250 ipm 300 ipm
Ip = 510A Ip = 520A Ip = 520A Ip = 530A
Wire Feeding Speed
(e)
P1 Low Ib/Ip Ratio
P2 Low Ib/Ip Ratio
detachment
(a) (b)
(c)
(d)
6.2 ms
(c)
Figure 6.1: These figures shows the droplet shape at the moment that background current
value is reached, for the same wire feeding speed equal values of peak and background
current and pulse frequency were used for the different profiles according to shown in
Table 4.1.
This observed difference in the sequence of droplet formation, indicated that it would
be possible to achieve a continuity in the constricted region of the wire when profile 2
is used, possibly by increasing the frequency of the current pulse. Indeed the streaming
transfer was achieved with travel and wire feeding speeds of 30 ipm (0.76 m.min−1) and
550 ipm (13.97 m.min−1), respectively. Peak and background current were of 550 A and
50 A, respectively. The pulse frequency was varied from 300 to 600 Hz, in steps of 100 Hz,
and the duty cycle for each frequency was of 45.4, 45.9, 46.2 and 47.1 %, respectively. With
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this optimum combination of parameters, it was possible to achieve a streaming transfer
of molten metal, hereafter refereed as “metal beam”, and it is shown in Figure 6.2 for the
frequency values of 300, 400, 500 and 600 Hz.
500Hz
400Hz
300Hz
600Hz
Figure 6.2: Effect of pulse frequency on metal beam shape and stability.
As shown on Figure 6.2, for fixed values of the current pulse and travel speeds, changing
the pulse frequency will influence the uniformity of the streaming transfer and the metal
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beam stability. Note the increase in the diameter of the metal beam, at the moment prior
to the beginning of the next cycle (second last column of each line), as the pulse frequency
increases. Furthermore, Figure 6.2 shows that, compared to the optimum pulse frequency,
lower frequencies permit the breakdown of the beam of metal before the onset of the next
pulse. On the other hand, if the frequency is higher than the optimum values, the time at
the peak current is not sufficient to melt and constrict the wire, and therefore short circuits
can occur, promoting instability of the metal transfer. This suggests that the higher the
frequency the higher peak current are needed along with lower base current values are
required.
Additionally, even though the values of peak and background current were set the same,
one can observe a variation in the visible arc length during the peak phase of current as the
pulse frequency changes (corresponding to the first column of Figure 6.2). The visible arc
length decreases as the pulse frequency changed from 300 to 500 Hz and then increases again
at 600 Hz. This distance was measured for 20 cycles and at the peak current, corresponding
to the maximum arc length, and the results are shown on Table 6.1. As observed from
Figure 6.2, the measurements in Table 6.1 confirm a decrease of arc length to a minimum
value, at a frequency of 500 Hz, and then an increase at a frequency of 600 Hz. The increase
in arc length for frequency values below 500 Hz can be due to the break-down of the beam
of molten metal, therefore allowing a longer arc gap at the moment that the new pulse is
initiated. Likewise, the longer visible arc length for the frequency of 600 Hz is due to the
establishment of a gap between the electrode tip and weld pool.
Table 6.1: Influence of pulse frequency on average voltage, current, nominal heat input,
arc length and beam transfer stability.
Frequency (Hz) Voltage (V) Current (A) Heat Input (kJ/mm)
Arc length (mm)
Average Variance
300 24.8 276.9 0.54 2.71 0.205
400 25.8 279.6 0.57 2.15 0.045
500 26.3 281.2 0.58 1.77 0.005
600 26.9 285.5 0.61 2.52 0.010
Table 6.1 also gives the variance of arc length at peak current. This value gives a direct
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Arc Length
Figure 6.3: Influence of pulse frequency on the visible arc length and stability.
indication of the scatter in the measurements, and hence provides information about the
regularity of the maximum arc length for the range of frequencies reported. It can be
seen that for this set of parameters, the frequency of 500 Hz has the shortest arc length,
and the smallest variance, which signifies a more stable setting for the streaming transfer.
This was also supported by the electrical signal measured, which revealed no short-circuit
events (voltages < 1 V) occurring over a 2 s period using these conditions. This is best seen
graphically in Figure 6.3, which shows a whiskers plot of the data reported in Table 6.1.
For each frequency, the limits of the whiskers corresponds to the variation range given
by the maximum and minimum measured values and the central line is the mean value.
Therefore, this indicates that there will be an optimum set of parameters for which a
regular stream transfer can be achieved with a stable maximum arc length smaller than
2 mm.
6.2 Significance of results
The streaming transfer described here was achieved even though pure argon or argon plus
oxygen mixture have not been used as a shielding gas, which is usually a condition for
achieving stream transfer with a constant voltage GMAW [50, 51]. Additionally, the metal
stream did not appear to rotate, which differentiates this transfer mode from the rotating
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spray mode when using constant voltage GMAW [50, 51], and the stability of the metal
stream can be attributed to the high frequency current pulse, which helps to maintain the
beam straight as shown in Fig. 6.2.
This transfer mode can be optimized for applications where short arcs are required such
as narrow groove filling in the joining of high strength low alloy (HSLA) steels with high
productivity, while maintaining a low occurrence of spatter. The short arc achieved can
also potentially reduce the fume formation rate, however further work is needed to confirm
this. Notice from Table 6.1 that a stable streaming (spatterless) transfer was accomplished
at a wire feeding speed of 550 ipm (13.97 m.min−1) with heat input as low as 0.58 kJ.mm−1.
Considering the wire feeding speed used and the short arc length achieved, this metal
transfer mode provides an option for high productivity welding process with potential
advantages for narrow groove welding of heat sensitive materials.
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Chapter 7
Concluding remarks and
recommendations for future research
In this chapter a comprehensive conclusion, based on the results gathered during the in-
vestigation, is made. Following that, suggestions of future work are proposed.
7.1 Comprehensive conclusion
The influence of two current pulse profiles and pulse parameters on metal transfer in pulsed
gas metal arc welding droplet have been investigated by means of high speed imaging and
analysis of electrical signals. Droplet formation and transfer was compared between both
profiles for different welding process parameters.
One pulse profile had a long tail exponential shape (profile 1) and the second had
a nearly square shaped (profile 2). The metal transfer was analyzed in terms of droplet
formation and detachment. The results showed that for the profile using a long tail current
transition, most of droplet formation and detachment occurs before background current
is reached. On the other hand, for the nearly square pulse, most droplet formation and
transfer occurs during background current. By decreasing the transition time from peak to
background current, the necking diameter of the constricted wire is larger when background
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current is achieved. It was also found that when high peak and low background current
are used (i.e. with low Ib/Ip ratios) most melting and droplet formation occurs during
peak phase of current, considering the droplet already formed when the pulse assumes
background current.
One of the main findings of this work is that droplet detachment is found to differ for
the investigated profiles. For profile 1 the arc attaches to the constricted region of the wire
during the transition from peak to background current, while for profile 2 the arc keeps
attached to the bottom of the the forming droplet and only after detachment occurs the
arc attaches to the wire necking region. This jump in arc attachment position was detected
by monitoring the voltage signal and confirmed using high speed photography.
Another conclusion of this investigation is that droplet speed was found to be faster
the lower the ratio between base to peak current, Ib/Ip. It was found that the faster
speed is not only due to the larger peak current, but also due to the lower background
current, which reduces the arc pressure prior to droplet detachment. Additionally, for
the same wire feeding speed, droplet speed is not proportional to the average current,
as opposed to that observed in constant voltage GMAW. A neural network model was
trained to predict droplet speed, using as input parameters dimensionless groups. Despite
the reduced amount of data available, the trained models have the capability of predicting
droplet speed within a 95% confidence interval of ±0.33 m.s−1.
It was also found that, the nearly square shape pulse profile requires lower arc power
to transfer metal in the one droplet per pulse, when compared to the second profile in-
vestigated. This was a influence in the total bead penetration and heat input to the base
metal. The correlation between bead penetration and the momentum of the impinging
droplet was not as good as it is for constant voltage GMAW.
Stable streaming metal transfer was achieved using a wire feeding speed of around 14
m.min−1 and travel speed of 0.762 m.min−1, with a resulting heat input of 0.58 kJ.mm−1.
Additionally, this metal transfer was achieved with a short arc length of less than 2 mm.
This transfer mode is promising for joining heat sensitive materials, given the low heat
input values.
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7.2 Suggestion for future work
From the observations of the present work, the need for further studies is required in order
to have a comprehensive understanding of the metal transfer mechanism. The following
list of investigations may be carried out in order to allow the optimization of each pulse
profile, so that each of them can be used at their best process conditions and for specific
applications:
 First, a fundamental study, using numerical simulation and experimental techniques
such as optical emission spectroscopy, is required to quantify the amount of metal
vapor for the different profiles.
 As the results suggested that for a given wire feeding speed, when the same welding
parameters are used, the amount of iron metal vapor generated differ between the
profiles. A study on fume generation would clarify if this in fact represent changes
in the amount of welding fume generated by the two pulse profiles.
 The streaming metal transfer introduced in Chapter 6 have to be investigated for a
wider range of process parameters, including the influence of pulse frequency, peak
and background current, and duty cycle. This study should also consider difference
shielding gases and material systems, such as aluminum and magnesium alloys.
 The application and performance of the streaming transfer in the joining of heat
sensitive materials, such as high strength low alloy steels, have to be considered.
 Experiments for a wider range of process parameters would build a more reliable
model to predict droplet speed and bead penetration.
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Appendix A
Determination of dimensionless
groups
The theory of dimensional analysis states that if a physical phenomenon is a function
of n independent variables, then its dimensionless quantity is equal to a function of n −
k dimensionless variables, being k the number of fundamental units [92]. Say a is the
dependent variable and a1, a2,...,an are the independent variables, then it follow that
a = f (a1, a2, . . . , an) (A.1)
which in terms of dimensionless variables is equivalent to say that
a¯ = ψ (a¯1, a¯2, . . . , a¯n−k) (A.2)
where (a¯1) represents the dimensionless quantity of the variable a1. This is formally know
as the Buckingham pi-theorem.
As discussed in sections 2.2.1 and 5.1.3, the process parameters and physical properties
identified to have an influence in the droplet velocity are:
Ip = peak current [I];
Ib = background current [I];
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Im = mean current [I];
V = average voltage [ML2T−3I−1];
tp = time at peak current [T ];
f = pulse frequency [T−1];
s= wire feeding speed [LT−1];
µo = permeability constant [MLT
−2I−2];
σ= arc electrical conductivity [M−1L−3T 3I2];
ρ= wire density [ML−3];
γ= surface tension coefficient [MT−2];
r= droplet radius [L].
Being the droplet velocity, v, the dependent variable, this gives a total of twelve in-
dependent variables plus the dependent variable droplet speed, giving a total of thirteen
variable, n = 13. The number of fundamental units involved in this problem are four,
k = 4: length [L], mass [M ], time [T ] and current [I]. Therefore, according to the Buck-
ingham pi-theorem, there should be nine dimensionless numbers, amongst which eight are
independent and the ninth is the dimensionless values of velocity.
The procedure used to find the dimensionless groups was as follow. First, the funda-
mental dimensions were expressed in term of the independent variables as follow:
L = [r] (A.3)
I = [Ip] (A.4)
T =
[r
s
]
(A.5)
M = γ
(r
s
)2
(A.6)
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Second, each of the variables were multiplied by the reciprocal of their fundamental
units using the fundamental units (length [L], mass [M ], time [T ] and current [I]) as
expressed in Eq. A.3 to A.6.
It follows that, background current, which in fundamental units is [I], has to be multi-
plied by the reciprocal of current from Eq. A.4, yielding I¯b as follow
I¯b = Ib
[
I−1
]
=
Ib
Ip
(A.7)
Similarly, the dimensionless welding mean current, I¯m current is equal to
I¯m = Im
[
I−1
]
=
Im
Ip
(A.8)
The average voltage, which in fundamental units is [ML2T−3I−1], if multiplied by the
reciprocal of its fundamental dimensions yield the dimensionless voltage, V¯ as
V¯ = V
[
M−1L−2T 3I1
]
= V
1
γ
(r
s
)2 1r−2 (rs)3 Ip
=
IpV
γsr
(A.9)
Peak time, which in fundamental units is [T ], has to be multiplied by the reciprocal of
time Eq. A.5 yielding
t¯p = tp
[
T−1
]
= tp
s
r
(A.10)
Similarly, the dimensionless pulse frequency, f¯ , is found by multiplying pulse by the
reciprocal of time, as expressed in Eq. A.5.
f¯ = f
[
T 1
]
= f
r
s
(A.11)
The dimensionless permeability of free space, µ¯0, is found by multiplying µ0 by the
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reciprocal of its fundamental dimensions
µ¯0 = µ0
[
M−1L−1T 2I2
]
= µ0
1
γ
(r
s
)2 1r (rs)2 I2p
=
µ0I
2
p
γr
(A.12)
Likewise, the dimensionless electrical conductivity of the arc, σ¯, is found by multiplying
σ by the reciprocal of its fundamental dimensions
σ¯ = σ
[
M1L3T−3I−2
]
= σγ
(r
s
)2
r3
(s
r
)3 1
I2p
=
σγsr2
I2p
(A.13)
The wire density is expressed as
ρ¯ = ρ
[
M−1L3
]
= ρ
1
γ
(r
s
)2 r3
=
ρrs2
γ
(A.14)
Lastly, the dimensionless droplet velocity, which in fundamental units is [LT−1], can
be assumed as has to be multiplied by the reciprocal of its fundamental dimensions
v¯ = v
[
L−1T 1
]
= v
1
r
r
s
=
v
s
(A.15)
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The dimensionless droplet velocity as expressed in Eq. A.15 can also be expressed as
in Eq. A.16. The model using the v¯ as in Eq. A.16 would predict droplet velocity values
closer to the measured ones.
v¯ =
√
v
s
(A.16)
Therefore, those are the nine dimensionless groups used for the prediction of droplet
speed presented in section 5.1.4. The dimensionless values of peak current, droplet radius,
wire feeding speed and surface tension are not shown because they all yield to 1, when the
procedure is applied to them.
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Appendix B
Neural network training procedure
To find a model of high predictability, in this work measured by the Pearson correlation
coefficient values, the NN algorithm parameters were varied such that the highest possible
Pearson correlation coefficient were achieved. Varying the algorithm parameters, it was
verified that the number of hidden nodes in the hidden layer and the number of cross
validation folds used affects more strongly the correlation coefficient.
In Fig. B.1 the correlation coefficient is plotted against the number of hidden nodes
for various number of cross-validation folds. One can notice that regardless of the number
cross-validation folds used, as the hidden nodes are increased, the correlation coefficient
decreases. Hence the number of hidden nodes in the hidden layer was was chosen as one,
given that would give the highest correlation coefficient.
Next, the number of cross-validation folds was varied, for 1 to 4 hidden nodes, and
the result is shown in Fig. B.2. From this figure one can see that, using only one hidden
node leads to highest correlation coefficient, and that as the number of cross-validation
folds increase, the correlation coefficient value approaches to a constant value. At 10 cross-
validation folds and 1 hidden node, the correlation coefficient if equal to 0.8971 and 0.9112
for models 1 and 2, respectively.
Based on this methodology, the neural network was trained having one hidden node
and 10 cross validation folds. The remaining NN parameters were: ridge equal to 0.01,
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Figure B.1: Variation of Pearson correlation coefficient as a function of the number of
hidden nodes in the the hidden layer: (a) for model, v¯ = v/s, and (b) for model 2,
v¯ =
√
v/s.
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Figure B.2: Variation of Pearson correlation coefficient as a function of the number of
cross-validation folds: (a) for model, v¯ = v/s, and (b) for model 2, v¯ =
√
v/s. The
condition used used to train the NN for predicting the droplet velocity is indicated by the
filled circle, •.
seed equal to 1 and tolerance of 10−6.
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